Benzene is a recognized hematotoxin and leukemogen, but its mechanisms of action in humans are still uncertain. To provide insight into these processes, we carried out a cross-sectional study of 44 healthy workers currently exposed to benzene (median 8-hr time-weighted average; 31 ppm), and unexposed controls in Shanghai, China. Here we provide an overview of the study results on peripheral blood cell levels and somatic cell mutation frequency measured by the glycophorin A (GPA) gene loss assay and report on peripheral cytokine levels. All peripheral blood cell levels (i.e., total white blood cells, absolute lymphocyte count, platelets, red blood cells, and hemoglobin) were decreased among exposed workers compared to controls, with the exception of the red blood cell mean corpuscular volume, which was higher among exposed subjects. In contrast, peripheral cytokine levels (interleukin-3, interleukin-6, erythropoietin, granulocyte colonystimulating factor, tissue necrosis factor-a) in a subset of the most highly exposed workers (n = 11) were similar to values in controls (n = 11), suggesting that benzene does not affect these growth factor levels in peripheral blood. The GPA assay measures stem cell or precursor erythroid cell mutations expressed in peripheral red blood cells of MN heterozygous subjects, identifying NN variants, which result from loss of the GPA M allele and duplication of the N allele, and No variants, which arise from gene inactivation. The NN (but not NO) GPA variant cell frequency was elevated in the exposed workers compared with controls (mean ± SD, 13.9 ± 8.4 mutants per million cells versus 7.4 ± 5.2 per million cells, respectively; p=0.0002), suggesting that benzene produces gene-duplicating but not gene-inactivating mutations at the GPA locus in bone marrow cells of exposed humans. These findings, combined with ongoing analyses of benzene macromolecular adducts and chromosomal aberrations, will provide an opportunity to comprehensively evaluate a wide range of early biologic effects associated with benzene exposure in humans.
Introduction
Occupational exposure to benzene has been associated with hematotoxicity, leukemia, and other related blood disorders (1) (2) (3) (4) (5) . Studies in animals and cell culture have produced a large amount of information on the potential mechanism of benzene toxicity, but the extrapolation of these data to humans requires further study. To provide insight into benzene's biologic effects in humans, we performed a cross-sectional study of 44 healthy workers exposed to a wide range of benzene levels and 44 unexposed controls in Shanghai, China, as part of a large research effort to evaluate benzene-related effects in a retrospective cohort study of 74,828 workers exposed to benzene in 12 Chinese cities (4, 5) . Some Table 1 describes the data we have collected on this study population, which include measures of historical and current benzene air levels, and biomarkers of exposure, biologically effective dose, early 
Methods

Subject Enrollment
Details of the study population have been reported previously (6) . Workplaces were identified from public health district records and from exposure and demographic data previously collected for the cohort study (4, 5) . Three exposed factories were selected so that the study population would have a wide range of exposure to benzene [1 to .25 ppm as an 8-hr timeweighted average (TWA), similar to that found among workers in the cohort study].
One factory used benzene to solubilize natural rubber for subsequent production of rubber padding for printing presses, one factory used benzene to manufacture adhesive tape, and one factory applied benzenebased paint and varnish to wooden toys and boxes. Two workplaces in the same geographic area that did not use benzene or other chemicals associated with bone marrow toxicity were selected as control factories: one manufactured sewing machines and the other was an administrative facility. Controls were frequency-matched on age (5-year intervals) and gender to workers currently exposed to benzene. Exclusion criteria for all subjects included prior history of cancer, therapeutic radiation, chemotherapy, or current pregnancy. Ninety-four percent of eligible subjects selected for study were enrolled. Exposure Assessment
Exposure was estimated using a modification of the method used for the cohort study (7) . This estimate incorporated work histories obtained by interview Subjects provided a baseline urine sample and then received 250 mg chlorzoxazone to evaluate CYP2E1 function (8, 9) (results to be reported elsewhere). Subjects drank only noncaffeinated soft drinks for the first 2.5 hr, after which they ate a light lunch. Complete urine collections were carried out over the next 8 hr. A 27-ml volume of blood was obtained, and several peripheral smears were made for each subject. Portions of each blood sample were inoculated as whole-blood cultures, harvested, and processed into slides for analysis of interphase and metaphase chromosome aberrations and micronuclei. A separate portion was stabilized with ascorbic acid for eventual folate analysis. A third portion was fractionated into plasma, white blood cells, and red blood cells.
Each subject was administered a questionnaire by a trained interviewer from the staff of the Shanghai Hygiene and AntiEpidemic Center's Department of Occupational Health. Data collected included age, gender, current and lifelong tobacco use, alcohol consumption, medical history, occupational work history, and the number of days in the previous week that subjects experienced symptoms associated with solvent neurotoxicity. Laboratory Analysis Benzene urinary metabolites were measured using a modification of a previously reported isotope dilution gas chromatography-mass spectroscopy assay (10) . 13C-labeled analogues of trans-transmuconic acid (muconic acid) and phenol, catechol and hydroquinone as sulfate and glucuronide conjugates were used as internal standards.
Peripheral blood samples were analyzed by a Coulter T540 blood counter. Five hematologic measurements are presented here; the total white blood cell count (WBC) (x 103/pl blood), the absolute lymphocyte count (x 103/pl blood), hemoglobin value (g/dl), the red blood cell count Environmental Health Perspectives * Vol 104, Supplement 6 * December 1996 (RBC) (x 106/pl blood), and the platelet count (x 103/pl blood). The mean corpuscular volume (MCV; pm3) was calculated as the hematocrit/(RBC x 10).
Cytokine measurements were prioritized on the basis of alterations previously detected in patients with the myelodysplastic syndrome (11) (12) (13) . Plasma levels of granulocyte colony stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor both tend to be elevated in patients with aplastic anemia (13) . Therefore, because of the limited volume of plasma available, we chose to measure G-CSF alone. Plasma levels of cytokines were determined by enzymelinked immunosorbent assay (ELISA) according to the manufacturer's instructions. Interleukin (IL)-3, G-CSF, IL-6, and tumor necrosis factor-a (TNF-a) ELISA kits were purchased from R & D Systems (Minneapolis, MN) and the erythropoietin ELISA kit was obtained from Genzyme (Cambridge, MA). The ELISA plates were read and cytokine concentrations calculated from the standard curves using a Dynatech MR 5000 plate reader.
Analysis of peripheral RBCs for the glycophorin A gene loss assay has been described (14) . In brief, spherical, formalin-fixed erythrocytes were prepared in duplicate from MN individuals and from MM and NN controls as described (15 
Results
Demographics and Exposure Assessment Demographic characteristics of the 44 workers currently exposed to benzene and controls were similar, including age, gender, current smoking and alcohol consumption, and BMI ( Table 2 ). The mean (SD) of occupational exposure to benzene among the exposed subjects was 6.3 (4.4) years. These subjects were currently exposed to a wide range of benzene levels (median: 31 ppm as an 8-hr TWA, range: 1-328 ppm). The mean muconic acid urine level was 33.0 (28.0) pg/mg creatinine in the exposed workers (n = 43) and 0.3 (0.2) rig/mg creatinine in a subsample of controls tested (n = 17, p < 0.0001). Phenol, hydroquinone, and catechol urine levels were similarly elevated in exposed workers compared to controls (data not shown). Further, as we have previously reported (6), the proportion of benzene metabolites excreted as muconic acid and hydroquinone decreased from a median of 32% in workers exposed to <31 ppm benzene to 24% in workers exposed to >31 ppm (p = 0.006).
Hematotoxicity
Workers currently exposed to benzene had lower total WBC, absolute lymphocyte, platelet, and RBC counts than controls (Table 3) . Among all peripheral blood counts, the most significant difference between exposed subjects and controls was observed for the absolute lymphocyte count. Compared to controls, hemoglobin values of exposed workers were nonsignificantly decreased, and the MCV was significantly aAdapted from Rothman et al. (6) . bBody mass index (weight/height2). elevated (Table 3) . Among the exposed workers, total urine benzene metabolite levels were significantly correlated only with the absolute lymphocyte count (r= -0.32, p= 0.04) and the MCV (r= 0.37, p= 0.01).
In contrast, there were no significant correlations between cumulative benzene exposure and peripheral blood cell counts (data not shown).
Peripheral Cytokine Levels
A subsample of the most highly exposed quartile of currently exposed workers (n= 1 1, 8-hr TWA >55.0 ppm) and controls (n= 11) was selected to determine if peripheral cytokine values were associated with benzene exposure. Levels of IL-6, erythropoietin, and TNF-a were similar in exposed subjects and controls (Table 4) . Levels of G-CSF and IL-3 were nondetectable in almost all subjects. Neither benzene urinary metabolites nor cumulative benzene exposure was associated with any cytokine level (data not shown).
GPA Somatic Celi Mutation Frequency
The mean age of the 24 MN subjects in the exposed group was 34.2 (6.8) years compared to 35.1 (6.7) years among the 23 MN controls. Gender distribution, smoking The most heavily exposed quartile of exposed workers (8 hr TWA > 55 ppm) was selected for study. There were no significant differences between the two groups.
habits, and BMI were similar in both groups. As we have previously reported (14) , the NN Vf was about twice as high among the benzene-exposed workers compared to controls (13.9 ± 8.4 mutants per million cells versus 7.4 ± 5.2 mutants per million cells, p= 0.0002). In contrast, there was not a significant difference between the two groups for the No Vf (9.1± 4.2 mutants versus 8.8 ± 8.7 mutants per million, p= 0.21). There was a highly significant association between lifetime cumulative benzene exposure and NN Vf (p= 0.005, Table 5 ), which was minimally changed after adjustment for potential confounders.
In contrast, the NO Vf was not associated with cumulative benzene exposure (p= 0.31, Table 5 
Discussion
We conducted this study to evaluate early biologic effects associated with benzene exposure. Forty-four subjects currently exposed to a wide range of benzene and 44 controls were studied in 1992 in Shanghai, China. Past patterns of exposure to benzene were estimated and current patterns of exposure were measured for all subjects, demographic data were collected, and blood samples were obtained and extensively processed in a manner appropriate for the analysis of a broad range of biomarkers.
Urinary levels of benzene metabolite were substantially higher among the exposed population than among controls. In addition, a larger proportion of benzene urinary metabolites were present as muconic acid and hydroquinone at lower (< 31 ppm) versus higher (. 31 ppm) levels of exposure, similar to reports in animal studies (16) . This is particularly noteworthy because muconic acid and hydroquinone are correlated with benzene metabolites that have particularly potent genotoxic and myelotoxic effects (17) (18) (19) (20) (21) (22) .
The WBC, absolute lymphocyte, and platelet counts were significantly lower in benzene-exposed workers compared to controls; of these, the absolute lymphocyte count was the most significantly reduced in the exposed workers (27% lower compared to controls, p < 0.00 1). Hemoglobin values were nonsignificantly depressed, and the MCV was significantly elevated. These findings are consistent with most previous reports of benzene hematotoxicity [reviewed by Goldstein (23, 24) and Aksoy (3) ]. An early report of Goldwater (25) demonstrated that the absolute lymphocyte count is particularly sensitive to benzene exposure, and studies have shown similar findings in animals exposed to as little as 10 ppm benzene (26) . Total benzene urinary metabolites were significantly correlated with the absolute lymphocyte count and the MCV, while cumulative benzene exposure was not associated with any peripheral blood cell, suggesting that benzene-associated hematotoxicity reflects only relatively recent exposure.
The regulation of hematopoiesis is a dynamic process in which stem and progenitor cells, in conjunction with bone marrow stroma, give rise to a large number of mature blood cells. The survival and proliferation of stem and progenitor cells are controlled by multiple growth factors, or cytokines, with overlapping functions that act individually or in combination to regulate hematopoiesis. A series of studies carried out in mice and in human bone marrow cultures have shown that benzene alters cytokine production or response to cytokines in the bone marrow (27) (28) (29) (30) (31) (32) (33) (34) (35) . To determine if benzene exposure affects cytokine levels measured in peripheral blood, a more accessible and acceptable tissue source than bone marrow, we evaluated a panel of cytokines in the most heavily exposed workers and a subset of controls. Cytokine levels were similar in the two groups. Previous studies have shown that G-CSF, IL-6, erythropoietin, and TNF-ax are elevated in patients with myelodysplastic syndromes (11) (12) (13) (36) , which recent studies suggest plays an important role in the development of leukemias and lymphomas (37, 38) .
We continue to analyze data collected from this study population to gain additional insight into the biologic effects of benzene exposure in humans (Table 1) . For example, we report in the current volume that benzene exposure was associated with hyperdiploidy of chromosome 9 measured by fluorescent in situ hybridization in interphase lymphocytes (39) , which was inversely correlated with the absolute lymphocyte count. This provides evidence of a link between hematotoxicity and aneuploidy in exposed humans and is consistent with previous reports that benzene poisoning (i.e., hematotoxicity) is associated with a high risk of subsequently developing leukemia (40, 41) .
In addition, we are currently analyzing similar data collected from a group of 50 subjects with a history of benzene poisoning (most of whom were no longer exposed to benzene) and controls. This work will provide an opportunity to examine the persistence of benzene-associated hematotoxicity, somatic cell mutations, and chromosome aberrations, and to evaluate susceptibility factors for these events.
Finally, we note that individual benzene air levels in these factories were much higher than expected based on historical area monitoring data. As a result of data collected for this study, remedial action was taken at the workplaces with the highest benzene exposures, which included substitution of toluene for benzene, improvement in ventilation, and enclosure of reaction vessels.
